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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The paper reports on a comparative study of inelastic strain accumulation in coarse-grained and submicrocrystalline 
titanium nickelide (TiNi) under quasistatic and cyclic loads. It is shown that the formation of submicrocrystalline structure in 
TiNi by equal channel angular pressing provides a steep increase in its strain resistance under quasistatic and cyclic loads. The 
contribution of dislocation and martensitic mechanisms t  residual strain accumulation u der ifferent loading conditions is 
analyzed. 
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1. Introduction 
Metal and alloy implants are now widely used for treatment of diseases and injuries. One of the major 
characteristics of implants is their fatigue life, which determines how long an implant will properly serve in a body 
under cyclic loads induced by natural human motions. Implants, in most cases, are designed to function at stresses 
below the yield strength of materials of which th y are made. However, even at these stresses, residual inelastic 
strain is accumulated in implants, and the rate of its accumulation determines the dimensional stability of implants, 
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Khenkin and Laskin (1971). For medical implants, the dimensional stability is a very significant parameter because 
any change in the shape of an implant may cause its malfunction and induce stress concentration in tissues. 
Implants, when manufactured, are subjected to different types of thermomechanical treatment to impart them one 
or another microstructure. In some cases, this is a submicrocrystalline structure with a grain size of 1 m. It was 
shown that the formation of submicrocrystalline structure in Ti alloys greatly increased their strain resistance 
compared to that of coarse-grained ones, Dudarev et al. (2004), Psakhie et al. (2007). The now much used materials 
for manufacturing medical implants, in particular intravascular stents, are TiNi alloys displaying shape memory and 
superelasticity effects. The behavior of TiNi-based alloys under cyclic loads has been the subject of many studies 
most of which are referred to by Robertson et al. (2012) and Pelton et al. (2013). However, there are comparatively 
few papers investigating the dependence of strain accumulation on the number of cycles and cycling conditions. 
Choi et al. (2010) considered residual strain accumulation under zero-to-cyclic load with a strain of 0.6–1.0 % in 
preliminary deformed (by 3–5 %) TiNi specimens in martensite and austenite states at test temperatures. It was 
reported that after 103 cycles, the specimens in the martensite state revealed less residual strain than those in the 
austenite state, but whether the accumulated residual strain was reversible was not indicated. Kang et al. (2009, 
2012) investigated residual strain accumulation on the example of TiNi with a Ni content of 50.2 at. % under cyclic 
loading by tension–compression at room temperature with different stress ratios, maximum cycle stresses, average 
cycle stresses, and stress amplitudes. The maximum cycle stress was rather high, and the residual strain after 104 
cycles was 10–12 %. Note that Kang et al. (2012) concluded that cycling which involves austenite-to-martensite 
transitions and back decreases the number of cycles to fracture, i.e., impairs the fatigue life of material. 
In the paper presented, we studied the dimensional stability of coarse-grained and submicrocrystalline Ti49.4Ni50.6 
alloys under quasistatic and cyclic bending at different temperatures and strains. 
2. Material and test procedures 
The test materials were Ti49.4Ni50.6 alloy specimens with coarse-grained and submicrocrystalline structures 
formed respectively by vacuum annealing at 1073 K for 1 h with subsequent water quenching and by equal channel 
angular pressing in eight passes at 723 K. The temperatures of martensite transformations in the coarse-grained and 
submicrocrystalline specimens were determined by thermal resistivity measurements the data of which are presented 
in Fig. 1. 
It is seen from the measurement data that in the submicrocrystalline material, all phase transition temperatures are 
lower than the temperatures in the coarse-grained one. Reasoning from these data, the test temperatures were chosen 
to be those indicted by dashed lines in Fig. 1. 
Fig. 1. Phase transition temperatures in coarse-grained (CG) and submicrocrystalline (SMC) Ti49.4Ni50.6 with indication of test temperatures in 
quasistatic and cyclic banding by dashed lines 
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After quenching from 1073 K, the coarse-grained microstructure of Ti49.4Ni50.6 at room temperature is represented 
by a B2 phase with an average grain size of about 30 m (Fig. 2а). Inside the grains, a network dislocation 
substructure is observed featuring a high scalar dislocation density  ~ (13) · 1010 cm–2. Some grains are broken 
into fragments of size 1 m. There are also Ti4Ni2(O,C) particles sized to 1 m. 
Fig. 2. Grain structure in coarse-grained (a) and submicrocrystalline Ti49.4Ni50.6 (b) 
After equal channel angular pressing, the alloy has a grain-subgrain microstructure (Fig. 2b). About 70 % of 
grains are sized to d = 0.10.3 m, and the size of the others is 0.3 < d < 1 m (Fig. 3). In most of the elements of 
this structure, a network dislocation substructure with a dislocation density  ~ 1 · 1010 cm–2 is found. There are also 
dislocation-free grains of size smaller than the average one. In individual elements, extinction contours due to 
residual long-range stresses are observed. The microdiffraction pattern of the material corresponds mostly to the B2 
phase. The size of Ti4Ni2(O,C) particles after equal channel angular pressing remains almost unchanged. 
Fig. 3. Histogram of grain size distribution in Ti49.4Ni50.6 after equal channel angular pressing 
The test specimens having dimensions of (3555)  0.5  0.40) mm were subjected to quasistatic and 
cyclic bending with loading and unloading at different temperatures and strain amplitudes. The setup used in the 
tests is shown in Fig. 4. The principle of its operation consists in loading of flat specimens by uniform bending 
around cylindrical mandrels of specified radius with measurements of residual strains after unloading. The setup 
provides for testing in the temperature range from – C. The loading pattern is close to pure bending in a 
single plane. The use of mandrels provides a uniform stress distribution over the specimen gage section, making it 
possible to avoid the stress concentration arising in cantilevered bending and to simplify the analysis of deformation. 
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Fig. 4. Schematic of testing flat specimens under uniform bending around a mandrel: 1 – initial specimen, 2 – after bending, 3 – after unloading 
The main advantages of the testing techniques are the following: 
 their rather simple hardware; 
 possibilities of residual strain measurements with a high accuracy; 
 simple shapes and small sizes of specimens, allowing a test of materials limited in amount; 
 loading patterns frequently encountered in real operating conditions. 
 possibilities to judge the internal structure parameters from dependences of accumulated residual strains on 
loading conditions (because of structural sensitivity of residual strain accumulation to loading conditions) or, in 
other words, to judge the ability of material to hold its shape after stress removal, i.e., its dimensional stability. 
For constructing each of the dependences of residual strain, two to five specimens were tested. The range of 
bending strain a, residual strain R, and effective stress  were calculated by the formulae: 
∆𝜀𝜀𝑎𝑎 =  
ℎ
2𝑅𝑅
 
𝜀𝜀𝑅𝑅 =
𝑥𝑥ℎ
𝑙𝑙2
 
𝜎𝜎 =
𝐸𝐸ℎ(1 −
2𝑥𝑥𝑅𝑅
𝑙𝑙2
)
2𝑅𝑅(1 + µ)
, 
where x is the deflection of the gage section end from the initial position after unloading; h and l are the thickness 
and the length of the specimen gage section; R is the mandrel radius; E is Young’s modulus;  is Poisson’s ratio. 
The residual strain was measured with an accuracy of 5  10–7. The cycling frequency in fatigue tests was 2.8 Hz. 
The loading of a specimen provides an asymmetric pulsating cycle with an initial stress ratio R = 0. At the same 
time, because the specimen is unloaded and assumes a free state with zero external stresses rather than being forced 
to the initial position, the total strain amplitude decreases with increasing the number of cycles due to residual strain 
accumulation, thus changing the maximum and mean cycle stresses. Thus, the experimental setup can be referred 
neither to “rigid” testing machines (loading at a constant strain amplitude) nor to “soft” ones (cycling at a constant stress 
amplitude). This fact should be taken into account in analyzing the results of fatigue tests. 
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3. Results and discussion 
Directly before testing, all specimens were kept at a temperature of 373 K (which is much higher than Af, Fig. 1) 
for 5 min and then quenched to 295 K, not allowing the temperature to go below Мs. Thus, all specimens before 
testing were in the austenite state at any specified temperature. 
Figure 5 shows the accumulated residual inelastic strain against the range of bending strain in the TiNi specimens 
under quasistatic bending at Ttest = 309 K, which corresponds to body temperature. 
At a low bending strain, the residual strain accumulated in the coarse-grained specimens is low (Fig. 5, curve 1), 
and starting from a bending strain of 0.4 %, it increases steeply. As a result, the specimens deformed at a strain 
above 0.4 % remains bent after unloading. However, after heating to 373 K and aging at this temperature for 5 min, 
the specimens recover its initial shape (accurate to the measurement error). Thus, almost the whole accumulated 
strain is reversible. This means that most of the accumulated strain is related to the formation of strain-induced 
martensite. We think that starting from the bending strain 0.4 %, the effective stress in surface layers become 
sufficient to form stress-induced martensite. Really, by estimates, the bending strain equal to 0.4 % produces a 
tensile stress of about 150 MPa in surface layers. According to the data reported by Pushin (2008) and Dudarev 
(2009), this stress is sufficient for the formation of stress-induced martensite in coarse-grained titanium nickelide 
(Fig. 6). 
As the bending strain is further increased, the martensite transformation covers more and more specimen volume. 
After unloading, no reverse martensite-to-austenite transformation takes place and apparently because the test 
temperature 309 K, as can be seen from Fig. 1, is almost coincident with the austenite finish temperature Af. The 
same is observed in the coarse-grained alloy in torsion (Fig. 7а, curve 2). 
In the submicrocrystalline material, the rate of residual strain accumulation is much lower than that in the coarse-
grained one (Fig. 5, curve 2). Besides, after unloading, the submicrocrystalline material is involved in pronounced 
relaxation processes for 2–3 min (Fig. 5, curves 2 and 3). As can be seen in Fig. 5, the formation of stress-induced 
martensite in the submicrocrystalline alloy occurs at a stress of 300 MPa, which corresponds to a bending strain of 
0.8 %. A similar increase in the stress responsible for stress-induced martensite is found in the submicrocrystalline 
material deformed by torsion (Fig. 7b, curves 2, 3). Moreover, as can be seen from Fig. 6b, the submicrocrystalline 
structure contributes to superelasticity. The results reported above suggest that after unloading, the accumulated 
residual strain is recovered due to reverse martensite transformation (superelasticity effect) and to elastic aftereffect. 
Fig. 5. Accumulated residual strain vs bending strain under 
quasistatic bending at 309 K for coarse-grained Ti49.4Ni50.6 (1) and for 
submicrocrystalline Ti49.4Ni50.6 before relaxation under unloading (2) 
and after relaxation (3) 
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Fig. 6. Tension curves for coarse-grained (1) and 
submicrocrystalline titanium nickelide at 295 K (2) 
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Fig. 7. Strain accumulation and recovery in isothermal loading-unloading cycles in torsion for coarse-grained (а) and submicrocrystalline 
Ti49.4Ni50.6 (b). 
Test temperatures (a): 1 – 293 K, 2 – 309 K, 3 – 318 K, 4 – 333 K. 
Test temperatures (b): 1 – 295 K; 2 – 323 K; 3 – 333 K 
In the coarse-grained material under cyclic loading at 320 K and a = 1.0 %, the rate of residual strain 
accumulation is rather high at the initial stage up to 100 cycles (Fig. 8, curve 1) and then it decreases steeply. After 
cyclic tests, the coarse-grained specimens are markedly bent. After aging at 373 K, the specimens fail to recover the 
initial shape and remain bent, as opposed to the case of quasistatic loading, suggesting that under these cyclic 
conditions, the accumulation of residual strain in the coarse-grained material is governed mainly by dislocation 
mechanisms. Because the bending strain a = 1.0 % induces surface stresses of 380 MPa, which are higher than 
the stress for martensite formation (Fig. 7а, curve 3), the accumulation of residual strain early in the cycling owes to 
both martensite transformation and dislocation deformation, and as the number of cycles is further increased, the 
accumulation of residual strains is governed by dislocation processes. The formed dislocation structure stabilizes the 
martensite phase, and on heating to 373 K after unloading, no reverse martensite transformation takes place and the 
material fails to recover its initial shape. 
Fig. 8. Residual strain accumulation in Ti49.4Ni50.6 under cycling: 
1 – coarse-grained, T = 320 K, εа=1.0 %; 
        2 – submicrocrystalline, T = 295 K, εа=1.39 %; 
        3 – submicrocrystalline, T = 373 K, εа=1.39 %; 
     4 – submicrocrystalline, T = 300 K, εа=1.0·% 
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In the submicrocrystalline material under cyclic bending, like under quasistatic bending in close conditions, the 
accumulated strain is markedly lower (Fig. 8, curve 4) compared to that in the coarse-grained material. The 
accumulation of residual strain with loading cycles in the submicrocrystalline alloy deformed at 300 K and a = 1.0 
% involves strong relaxation: after removal of cyclic load, the specimens are gradually straitened. After more than 
104 cycles, the recovery takes 20–40 min and the absolute value of recovered strains reaches 0.07 %. X-ray 
diffraction data show that after unloading, В19 and В2 phases are present in the specimens. In view of pronounced 
superelasticity observed under these conditions in quasistatic bending (Fig. 7b), it can be supposed that the recovery 
owes to the superelasticity effect and elastic aftereffect. 
Increasing the bending strain to a = 1.39 % at 295 K causes a substantial increase in the rate of residual strain 
accumulation in the submicrocrystalline alloy: even after 103 cycles, the accumulated strain is 0.2 % (Fig. 8, curve 
2). Heating to 400 K after unloading provides almost complete recovery of the initial specimen shape (Fig. 9), and 
most of the recovery falls on the temperature range from 295 K to 303 K. Supposedly, in this case, the residual 
strain owes to the formation of induced martensite under cyclic stress. 
Fig. 9. Residual strain recovery in submicrocrystalline Ti49.4Ni50.6 on heating after 103 cycles at 295 K and εа = 1.39 % 
Cycling at T = 373 K and a = 1.39 % shows that the absolute residual strain in the submicrocrystalline alloy 
under these conditions is comparatively low and its accumulation with increasing the number of cycles proceeds 
rather slowly (Fig. 8, curve 3). Relaxation processes are not observed. For the quenched alloy at this test temperature 
(373 K) and even low bending strains (a = 1.19 %), the accumulation of residual strain is so intense that with the 
equipment used, its value is impossible to measure even after the first cycle. Apparently, at T = 373 K, the stress in 
the specimens is insufficient for the formation of strain-induced martensite and the material is in the B2 state 
throughout the test. Therefore, the accumulation of residual strains owes to plastic shear. The higher strain resistance 
of the submicrocrystalline alloy in the B2 state under cyclic loading, compared to the coarse-grained one, is likely 
due to small grain sizes and high long-range internal stresses in the submicrocrystalline structure. 
4. Conclusion  
Thus, the research results demonstrate that the formation of submicrocrystalline structure in Ti49.4Ni50.6 by equal 
channel angular pressing sharply enhances the dimensional stability of the shape memory alloy under quasistatic and 
cyclic bending. The rate of residual strain accumulation under uniform loading by quasistatic and cyclic bending 
depends on the test temperature and on the maximum cycle stress and these two parameters determines the 
possibility of deformation by dislocation mechanisms and stress-induced martensite formation. 
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Cycling at T = 373 K and a = 1.39 % shows that the absolute residual strain in the submicrocrystalline alloy 
under these conditions is comparatively low and its accumulation with increasing the number of cycles proceeds 
rather slowly (Fig. 8, curve 3). Relaxation processes are not observed. For the quenched alloy at this test temperature 
(373 K) and even low bending strains (a = 1.19 %), the accumulation of residual strain is so intense that with the 
equipment used, its value is impossible to measure even after the first cycle. Apparently, at T = 373 K, the stress in 
the specimens is insufficient for the formation of strain-induced martensite and the material is in the B2 state 
throughout the test. Therefore, the accumulation of residual strains owes to plastic shear. The higher strain resistance 
of the submicrocrystalline alloy in the B2 state under cyclic loading, compared to the coarse-grained one, is likely 
due to small grain sizes and high long-range internal stresses in the submicrocrystalline structure. 
4. Conclusion  
Thus, the research results demonstrate that the formation of submicrocrystalline structure in Ti49.4Ni50.6 by equal 
channel angular pressing sharply enhances the dimensional stability of the shape memory alloy under quasistatic and 
cyclic bending. The rate of residual strain accumulation under uniform loading by quasistatic and cyclic bending 
depends on the test temperature and on the maximum cycle stress and these two parameters determines the 
possibility of deformation by dislocation mechanisms and stress-induced martensite formation. 
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